The common treeshrew, Tupaia glis, represents a species complex with a complicated taxonomic history. It is distributed mostly south of the Isthmus of Kra on the Malay Peninsula and surrounding islands. In our recent revision of a portion of this species complex, we did not fully assess the population from Java (T. ''glis'' hypochrysa) because of our limited sample. Herein, we revisit this taxon using multivariate analyses in comparisons with T. glis, T. chrysogaster of the Mentawai Islands, and T. ferruginea from Sumatra. Analyses of both the manus and skull of Javan T. ''glis'' hypochrysa show it to be most similar to T. chrysogaster and distinct from both T. glis and T. ferruginea. Yet, the Javan population and T. chrysogaster have different mammae counts, supporting recognition of T. hypochrysa as a distinct species. The change in taxonomic status of T. hypochrysa has conservation implications for both T. glis and this Javan endemic.
Treeshrews (order Scandentia) are superficially squirrel-like mammals that inhabit tropical forests throughout much of South and Southeast Asia. Despite the former inclusion of treeshrews in the order Primates (Carlson 1922; Napier and Napier 1967) , the taxonomy of Scandentia has been neglected and has not been formally revised since Lyon's (1913) monographic study 100 years ago. One particularly problematic species complex is Tupaia glis (Diard, 1820) , the common treeshrew, which has recently included as many as 27 synonyms (Helgen 2005) . This ''wastebasket'' taxon was once considered to be widespread, ranging through the Malay Peninsula to Sumatra and Borneo, but our recent taxonomic revision (Sargis et al. 2013) restricted its distribution to the Malay Peninsula and surrounding islands south of the Isthmus of Kra (Fig. 1) .
We recently analyzed the proportions of hand (manus) bones in several populations of T. glis using the methodology developed by Woodman and colleagues to distinguish ''cryptic'' soricid species (Woodman and Morgan 2005; Woodman 2010 Woodman , 2011 Woodman and Stephens 2010) , and it illustrated the effectiveness of this approach for distinguishing similarly cryptic treeshrew species (Sargis et al. 2013) . In that study, we investigated the manus morphology of T. ''glis'' hypochrysa from Java but were hampered by having only a single specimen available to us. This limited our ability to draw firm conclusions regarding the distinctiveness of this taxon, despite the clear differentiation of that individual from other taxa in our analyses (Sargis et al. 2013) .
Tupaia ''glis'' hypochrysa was originally described as T. ferruginea hypochrysa Thomas, 1895 , but was later elevated to T. hypochrysa by Lyon (1913) , who included it with T. chrysogaster Miller, 1903 , the golden-bellied treeshrew (from the Mentawai Islands off the west coast of Sumatra; Fig. 1 ), in his ''Hypochrysa Group. '' Chasen (1940) synonymized T. hypochrysa with T. glis, a decision followed in subsequent classifications (Honacki et al. 1982; Wilson 1993; Helgen 2005) . Our preliminary results suggested that the Javan population could be distinct from T. glis, T. chrysogaster, w w w . m a m m a l o g y . o r g 938 and T. ferruginea Raffles, 1821 from Sumatra (Sargis et al. 2013) . Here, we test that hypothesis by using both an expanded sample for hand morphology and craniometric data for these 4 taxa.
Herein, we use separate multivariate analyses of the manus and the skull to assess the potential morphological distinctiveness of Javan T. ''glis'' hypochrysa (hereafter T. hypochrysa) from T. glis, with which it is currently synonymized; from Sumatran T. ferruginea, of which it was originally considered a subspecies; and from T. chrysogaster. We included T. chrysogaster in these analyses primarily because Lyon (1913:36) paired this taxon with T. hypochrysa to form his Hypochrysa Group, indicating that he thought they formed a natural grouping. Although we now know that the 2 taxa differ in mammae formula (Sargis et al. 2013: (Lyon 1913; Roberts et al. 2011 ). We did not include this species in our study because it is distantly related to the T. glis species complex (Olson et al. 2004b (Olson et al. , 2005 Roberts et al. 2011) , and these 2 taxa are distinct in body size (Endo et al. 2003) as well as skull (Endo et al. 2003 (Endo et al. , 2004 and postcranial skeletal (Sargis 2002a (Sargis , 2002b (Sargis , 2002c Roberts et al. (2011: fig. 1 ) and Lyon (1913:75) . TABLE 1.-Measurements (mm) of bones in the manus of selected species of Tupaia. Statistics are mean 6 SD, range of measurements, and sample size in parentheses. Because of its orientation in the X-rays, depth was measured for ray I; width was measured for the other 4 rays (see ''Materials and Methods''). 
MATERIALS AND METHODS
Manus.-For analyses of the hands, we used measurements previously obtained from digital X-ray images of dried study skins of 64 specimens of T. chrysogaster (n ¼ 12), T. ferruginea (n ¼ 13), T. glis (n ¼ 35), and T. hypochrysa (n ¼ 4). These specimens were included in previous analyses by Sargis et al. (2013) , but here we include 2 additional specimens of T. hypochrysa, including the holotype, from The Natural History Museum (BMNH) and 1 from the American Museum of Natural History (AMNH; see Appendix I). Forefeet of the AMNH specimen were X-rayed using a Kevex-Varian (Palo Alto, California) digital X-ray system in the United States National Museum of Natural History (USNM) following the procedure of Sargis et al. (2013) . The 2 BMNH specimens were X-rayed at the BMNH in London. The resulting digital images were transferred to Adobe Photoshop CS4 Extended (2008), trimmed, converted to positive images, and measured by NCM with the custom Measurement Scale in the Analysis menu. Measurements were taken from either the right or left side, and supplemented, where necessary and possible, by measurements from the image of the other side. We recorded the following measurements from all 5 rays (38 total), with the exception that depths (dorsopalmar distances) of bones were substituted for widths (mediolateral distances) in ray I because of its orientation in the images: DPD ¼ distal phalanx depth; DPL ¼ distal phalanx length; DPW ¼ distal phalanx width; MD ¼ metacarpal depth; ML ¼ metacarpal length; MW ¼ metacarpal width; MPL ¼ middle phalanx length; MPW ¼ middle phalanx width; PPD ¼ proximal phalanx depth; PPL ¼ proximal phalanx length; PPW ¼ proximal phalanx width (see Sargis et al. 2013 : fig. 1) . A numeral before an abbreviation designates the ray (e.g., 4MW ¼ width of metacarpal IV). All 
measurements are in millimeters and rounded to the nearest 0.01 mm. Summary statistics include mean, standard deviation, and total range (Table 1) . We carried out principal components analyses (PCA) on combinations of variables from individuals of the 4 taxa to determine how they vary in manus proportions. Because the focus of this study was the status of T. hypochrysa, we attempted to maximize its representation in all analyses. This yielded 2 models: a 6-variable model from rays III and IV (3PPL, 3PPW, 3DPL, 4PPL, 4PPW, 4DPL) with 3 T. hypochrysa, and an 8-variable model from rays II, III, and V (2MW, 2PPW, 2DPL, 3DPL, 5ML, 5DPL, 5PPW, 5MW) that included all 4 specimens of T. hypochrysa (Table 2) . We also used PCA to assess the separation of taxon means. This has the advantage of maximizing the number of variables available by permitting use of variables that are missing from individual specimens. Following Sargis et al. (2013) , we used the same 6 variables from ray IV (4MPW, 4ML, 4PPW, 4PPL, 4MPL, 4DPL; Table 3 ) in our analysis of taxon means.
To determine the overall similarity of the manus among all 4 taxa, we performed a hierarchical cluster analysis on 37 available variables (5MPL lacking) from all 5 rays. The Sargis et al. (in press ). The 9 measurements included in the PCA of individuals are indicated with an asterisk (see Table 6 ). Uppercase abbreviations for teeth (i.e., I, C, P, M) refer to maxillary and premaxillary teeth; lowercase abbreviations (i, c, p, m) refer to mandibular teeth. 
(1) 
(2) (7)
(5) (6) phenogram from this analysis is presented with Euclidean distances.
Skull.-For our analyses of the cranium and mandible, we recorded the same 22 measurements (Table 4) used by Sargis et al. (in press) in their study of treeshrews from the Palawan faunal region. These measurements were taken to the nearest 0.01 mm using digital calipers. Our craniodental sample included the same specimens of T. glis (n ¼ 35) from the manus analyses, and larger samples of T. chrysogaster (n ¼ 25), T. ferruginea (n ¼ 64), and T. hypochrysa (n ¼ 8), including the holotypes of the latter 3 taxa. A total of 132 adult (those with fully erupted permanent dentition) skulls was included in this portion of the study (see Appendix I). Summary craniodental statistics are presented in Table 5 .
The PCA of skull variables for individuals included 9 variables (Table 6 ), whereas the PCA of taxon means included all 22 (Table 7) ; the elimination of 13 variables in the PCA of individuals allowed the inclusion of several specimens, particularly from T. hypochrysa, that were missing data due to breakage. The PCA of individuals and means include different numbers of variables (9 versus 22, respectively), so they yield different results in morphospace (Sargis et al. 2013) . We also conducted cluster analyses (unweighted pair-group average) of taxon means, which included all 22 skull variables and a combination of the 22 skull variables and 37 manus variables for a total of 59.
RESULTS
Manus.-Our morphometric analyses of the potential distinctiveness of the manus yielded 2 models that included 3-4 individuals of T. hypochrysa. In our analysis of 6 variables from rays III and IV (3PPL, 3PPW, 3DPL, 4PPL, 4PPW, 4DPL), the 1st factor axis is a size axis dominated by the lengths and widths of the proximal phalanges from the 2 rays, representing almost 47% of the total variation (Table 2A) . The 2nd axis, which accounts for more than 25% of the variation, is a contrast between the lengths of the distal phalanges and the lengths of the proximal phalanges of both rays. In the plot of factor scores on these 2 axes ( Fig. 2A) , T. hypochrysa plots high on the 1st axis as a result of its longer, broader proximal phalanges. Individuals of T. chrysogaster average the next largest, whereas T. ferruginea and T. glis are broadly dispersed and overlap the range of T. chrysogaster, but T. glis is typically smaller. Along the 2nd factor axis, most specimens of T. ferruginea plot low because of their shorter distal phalanges, particularly in relation to their proximal phalanges.
Our analysis using 8 variables from rays II, III, and V (2MW, 2PPW, 2DPL, 3DPL, 5ML, 5DPL, 5PPW, 5MW) included all 4 specimens of T. hypochrysa. Here, the 1st factor axis, which accounts for more than 52% of the variation, is a size variable with relatively high loadings for all 8 variables (Table 2B) . Factor 2, representing nearly 12% of the variation, is a contrast between the width of metacarpal V (5MW) and the length of distal phalanx II (2DPL). A plot of factor scores on these 2 axes (Fig. 2B) shows T. hypochrysa and T. chrysogaster plotting high on the 1st factor axis, indicating their typically larger size compared with the other 2 species. Although there is considerable overlap, T. glis typically has the smallest rays among these species, and T. ferruginea is TABLE 6.-Component loadings from principal components analysis of skulls using individuals (Fig. 3A) . Abbreviations for variables are defined in intermediate in size. Along the 2nd factor axis, T. hypochrysa and T. chrysogaster show a tendency to separate (with some overlap), a result of the typically broader metacarpal V and shorter distal phalanx II of T. hypochrysa. T. ferruginea is generally higher on this axis, whereas T. glis exhibits a greater range of variation than that shown by the remaining 3 species combined. The 2 analyses of individuals show incomplete separation among many of the groups, although T. hypochrysa is consistently the most distinctive of the 4 taxa, and it averages the largest lengths or widths for many of the individual bones. The PCA of means of 6 variables from ray IV yielded a model in which the 1st factor axis, representing more than 85% of the variation, is a size axis (Table 3 ). The plot of factor scores (Fig. 2C) confirms a general pattern of increasing overall size of the manus from the smallest in T. glis, to intermediatesized T. ferruginea and T. chrysogaster, to largest in T. hypochrysa. The 2nd factor axis, accounting for 13% of the variation, is a contrast between the lengths of the distal and middle phalanges. Along this axis, T. chrysogaster has the longest distal phalanx (and potentially the longest claw), with T. glis and T. hypochrysa intermediate in size, and T. ferruginea having the shortest distal phalanx.
Cluster analysis of 37 variables from all 5 rays shows a hierarchical clustering, with T. chrysogaster and T. hypochrysa most similar to one another and T. ferruginea most similar to that grouping (Fig. 2D) . T. glis is the least similar to the other 3 taxa.
Skull.-The PCA of individuals included 9 of the 22 craniodental variables. Factor 1 is a size vector that accounts for more than 74% of the variation. The 2nd factor represents mandibular height (MH) and mandibular condyle height (MCH), and is responsible for more than 9% of the variation (Table 6 ). Factor 3 represents least interorbital breadth (LIB) contrasted with mandibular condyle width (MCW) and explains more than 7.5% of the variation (Table 6 ). In a plot of factors 1 and 2 (not shown), there is no overlap between T. hypochrysa and T. glis. Better resolution, however, is shown in the plot of the 1st and 3rd factors (Fig. 3A) ; T. hypochrysa overlaps with T. chrysogaster rather than T. glis, mostly in positive morphospace along factor 1, and T. glis overlaps with   FIG. 2. -Plots of factor scores from principal components analyses (PCA) illustrating the distinctiveness of the manus of T. hypochrysa. The holotype of T. hypochrysa is marked by a solid black dot within the diamond symbol for that taxon. A) Plot of factor scores on the first 2 factor axes from PCA of 6 variables from rays III and IV (Table 2A ). B) Plot of factor scores on the first 2 factor axes from PCA of 8 variables from rays II, III, and V (Table 2B ). C) Plot of factor scores on the first 2 factor axes from PCA of the means of 6 variables from ray IV (Table 3) . D) Phenogram from cluster analysis of 37 variables from all 5 rays. T. hypochrysa is more similar to T. chrysogaster than to T. glis.
T. ferruginea, mostly in negative morphospace along the 1st factor.
For the PCA of taxon means, all 22 craniodental variables were included in the analysis. Factor 1 is again a size vector and represents more than 91% of the variation, and factor 2 accounts for more than 5.5% (Table 7) . The 4 taxa plot in different quadrants (Fig. 3B) , with T. hypochrysa and T. chrysogaster in positive morphospace along factor 1 and T. glis and T. ferruginea in negative morphospace along that factor. T. hypochrysa plots in positive morphospace along factor 2 as well, whereas T. glis is in negative morphospace for the 2nd factor.
We carried out cluster analyses of taxon means on the 22 craniodental variables and 59 variables combined from the skull and manus. The 2 analyses yielded the same topology, so only the results from the analysis of skull variables are shown in Fig. 3 . In both analyses, T. hypochrysa is most similar to T. chrysogaster, rather than T. glis, whereas the latter is most similar to T. ferruginea (Fig. 3C) .
DISCUSSION
The results of our analyses of hand and skull morphology are congruent in demonstrating the distinctiveness of Javan T. hypochrysa relative to T. glis. In fact, the Javan taxon is far more similar in both manual and cranial morphology to T. chrysogaster from the Mentawai Islands than it is to either T. ferruginea from Sumatra or T. glis (Figs. 2 and 3 ). The former 2 taxa also share the loss of the entepicondylar foramen of the humerus, whereas the latter 2 species retain it (Sargis 2002a; Sargis et al. 2013 : table 1). Therefore, T. hypochrysa is certainly morphologically and, we suggest, taxonomically distinct from T. glis. T. hypochrysa and T. chrysogaster can be distinguished by their different mammae counts, with 4 in the Javan taxon and 2 in the species from the Mentawai Islands (Sargis et al. 2013 : table 1).
Our recognition of T. hypochrysa from Java as a distinct species is in agreement with Lyon's (1913) classification. Furthermore, the morphometric similarity between T. hypochrysa and T. chrysogaster (Figs. 2B and 3A) supports Lyon's Hypochrysa Group and may suggest a close relationship between the two. Taxonomic recognition of Javan T. hypochrysa and the phenetic support for Lyon's (1913) hypothesis regarding its affinities with T. chrysogaster underscore the need for additional molecular analyses to firmly establish the phylogenetic relationships among these and other closely related species.
Recognition of T. hypochrysa as distinct from the more widely distributed T. glis necessitates a re-evaluation of the conservation status of populations throughout Java, especially given its reported scarcity on that island: ''[t]his species is very rare on Java, with only a single specimen in the last 100 years'' (Boeadi pers. comm. in Han 2008) . Furthermore, treeshrews inhabit tropical forests, and Java has less than 10% of its natural forest cover left (Lavigne and Gunnell 2006) . Given these factors, it is possible that T. hypochrysa is vulnerable to extinction.
Our taxonomic revision has conservation implications for T. glis as well. The separation of Javan T. hypochrysa from T. glis further restricts the geographic distribution of the latter species to the Malay Peninsula south of the Isthmus of Kra (~108 N latitude) and the small neighboring islands (Fig. 1) . The formerly widespread T. glis is listed as a species of ''Least Concern'' (Han 2008) on the IUCN Red List of Threatened Species (IUCN 2012 ), but its status requires reassessment considering the removal of the islands of Java, Sumatra, and hypochrysa is marked by a solid black dot within the diamond symbol for that taxon. A) Plot of individual factor scores on the 1st and 3rd axes from PCA of 9 variables (Table 6 ). In this plot, there is clear separation between T. hypochrysa-T. chrysogaster and T. ferruginea-T. glis. B) Plot of factor scores on the first 2 axes from PCA of the means of all 22 variables (Table 7) . C) Phenogram from cluster analysis of all 22 variables. T. hypochrysa is more similar to T. chrysogaster than to T. glis.
Bangka from its known geographic range (Sargis et al. 2013 ; Fig. 1 ).
Both T. glis and T. hypochrysa, as well as 3 recently resurrected taxa from Indonesia-T. discolor (Bangka Island), T. ferruginea (Sumatra), and T. salatana (southern Borneo)-are distributed in Sundaland, which has been characterized as one of the world's hottest biodiversity hotspots (Myers et al. 2000) , and each of these species may represent relatively small, potentially vulnerable populations. Most occur on islands and, as is definitely the case with T. glis, may be far less widespread than previously thought. Our ongoing study of the T. glis species complex throughout Sundaland exemplifies the critical need for continued research on species limits in problematic and cryptic taxa (Olson et al. 2004a; Schlick-Steiner et al. 2007 ) in this geologically complex and threatened region.
